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The tyrosine kinase, c-Abl, plays important roles in many aspects of cellular function. Previous
reports showed that c-Abl is involved in NF-jB signaling. However, the functions of c-Abl in innate
immunity are still unknown. Here we demonstrate that the mitochondrial antiviral signaling
(MAVS) protein can be physically associated with c-Abl in vivo and in vitro. MAVS interacted with
c-Abl through its Card and TM domain. A phosphotyrosine-speciﬁc antibody indicated that MAVS
was phosphorylated by c-Abl. Functional impairment of c-Abl attenuated MAVS or VSV induced
type-I IFN production. Importantly, c-Abl knockdown in MCF7 cells displayed impaired MAVS-med-
iated NF-jB and IRF3 activation. Taken together, our results suggest that c-Abl modulates innate
immune response through MAVS.
Structured summary:
MINT-7297498, MINT-7297511, MINT-7297557, MINT-7297574: MAVS (uniprotkb:Q7Z434) physically
interacts (MI:0915) with c-Abl (uniprotkb:P00519) by anti tag coimmunoprecipitation (MI:0007)
MINT-7297542: c-Abl (uniprotkb:P00519) physically interacts (MI:0915) with MAVS (uniprotkb:Q7Z434)
by anti bait coimmunoprecipitation (MI:0006)
MINT-7297526: c-Abl (uniprotkb:P00519) physically interacts (MI:0915) with MAVS (uniprotkb:Q7Z434)
by far western blotting (MI:0047)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
c-Abl is a Src-like non-receptor protein kinase (PTK) ubiqui-
tously expressed and plays important roles in regulating cell prolif-
eration, apoptosis, adhesion, cell migration and stress responses
[1–3]. The c-Abl PTK is localized both in the nucleus and in the
cytoplasm and its kinase activity is tightly regulated. The existence
of C-terminal DNA-binding motifs and nuclear localization signals
in c-Abl enables shuttling between cytoplasmic and nuclear com-
partments, extending the exposure to additional Abl kinase sub-
strates [4–6]. Studies suggest that nuclear c-Abl inhibits IjB-a
degradation by inducing its phosphorylation, which eventually
led to NF-jB inactivation. On the contrary, cytoplasmically local-
ized Bcr-Abl can in fact potently activate NF-jB, which has been
demonstrated to be essential for Bcr-Abl to induce transformation
[7,8]. However, the functions of c-Abl in innate immunity are still
unknown.chemical Societies. Published by E
@yahoo.com (H. Zhong).The innate immune system which characterized by the pro-
duction of type-I interferon (IFN)-a/b cytokines and the activation
of natural killer (NK) cells plays important roles in invading
pathogens detection and elimination [9,10]. The host senses viral
and bacterial pathogen invasion by recognition of pathogen-asso-
ciated molecular patterns (PAMPs) with pattern recognition
receptors (PRRs) including membrane bound toll-like receptors
(TLRs) [11,12] and cytosolic sensory molecules such as the multi-
domain containing NOD proteins and RIGI and MDA5 helicase
[13–15]. Both RIG-I and MDA5 contain caspase recruitment do-
mains (CARDs) that interact with the CARD domain-containing
protein MAVS upon binding to uncapped RNA, resulting in MAVS
association with IKK proteins [16–20]. MAVS association with
IKKa/b activates NF-jB while association with IKKe leads to acti-
vation of IRF3. Coordinated activation of NF-jB and IRF3 path-
ways leads to the assembly of a multiprotein enhancer complex
which drives expression of IFN-b and IFN-mediated antiviral
immunity [21–23].
In this report, we show that the c-Abl tyrosine kinase associates
with MAVS. Additionally, we show that depletion of c-Abl with
small interference RNA or chemical inhibitor leads to decreased
MAVS-induced IFN-b production, NF-jB and IRF3 activation.lsevier B.V. All rights reserved.
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2.1. Cell culture and transfection
293T, MCF7, MCF7/c-Ablkd and MCF7/c-Ablkd/WT c-Abl cells
were grown in Dulbecco’s modiﬁed Eagle’s medium (Invitrogen)
supplemented with 10% heat-inactivated fetal bovine serum (Hy-
clone), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml
streptomycin. Cells were treated with 10 lM STI571 (Gleevec;
Novartis, Basel, Switzerland) for 4 h.
For downregulation of c-Abl, MCF7 cells were stably transfected
with pU6-c-Abl-siRNA using Lipofectamine 2000 (Invitrogen) and
selected in the presence of G418 3 days after transfection. The
selection of the coding sequences for small interfering RNA (siRNA)
was based on previous guidelines [24]. siRNA oligos directed at the
same nucleotides were synthesized and were ligated into pU6 vec-
tor(Invitrogen) using BamHI and EcoRI. For c-Abl rescue, pc-Abl res-
cue cDNA plasmid was made by substitution at positions 330–331
of c-Abl cDNA based on the pcDNA3-Flag-c-Abl plasmid using
quick-change mutagenesis kit (Invitrogen).
Vectors and Epitope Tagging of Flag-tagged c-Abl, His-tagged c-
Abl, Myc-tagged c-Abl, Flag-tagged MAVS, Myc-tagged MAVS and
GST-tagged MAVS were expressed by cloning the genes into the
pcDNA3-based vector (Invitrogen).
2.2. Immunoprecipitation and immunoblot analysis
Cell lysates were prepared in lysis buffer (50 mM Tris–HCl [pH
7.5], 1 mM phenylmethylsulfonyl ﬂuoride, 1 mM dithiothreitol,
10 mM sodium ﬂuoride, 10 mg/ml aprotinin, 10 mg/ml leupeptin,
and 10 mg/ml pepstatin A) containing 1% Nonidet P-40. Soluble
proteins were subjected to immunoprecipitation with anti-Flag
(M2, Sigma), anti-Myc (Santa Cruz), or anti-mouse IgG antibody
(Sigma). An aliquot of the total lysate (5%, v/v) was included as a
control. Immunoblot analysis was performed with anti-Myc,
HRP-conjugated anti-Flag (Sigma), anti-c-Abl (Santa Cruz), anti-a
-Tubulin (Sigma), anti-P-Tyr (Cell Signaling) and anti-MAVS (Ab-
cam). The antigen–antibody complexes were visualized by chemi-
luminescence (PerkinElmer Life Sciences).
2.3. Protein binding assays
In direct binding assays, immunoprecipitates were separated by
SDS–PAGE and then blotted onto nitrocellulose membranes. Mem-
branes were subsequently incubated with puriﬁed GST-fusion pro-
teins for 2 h at room temperature. The GST-fusion proteins were
electrophoretically transferred to nitrocellulose then probed with
anti-GST antibody.2.4. Luciferase reporter assays
MCF7 cells were transfected with 0.2 lg of the Luciferase repor-
ter pNF-jB-LUC, IFN-b-LUC or IRF3-LUC plus 0.02 lg of the internal
control reporter pCMV-LacZ, with or without various amounts of
MAVS expression vector. Transfected cells were collected and
Luciferase activity was assessed. All experiments were repeated
at least three times.
3. Results
3.1. Interaction between MAVS and c-Abl in vivo and in vitro
We previously noted in a yeast two-hybrid screening that MAVS
associates with c-Abl (data not shown). To conﬁrm the yeast two-
hybrid analysis, Flag-tagged MAVS or Flag-tagged GP73 was trans-fected into 293T cells together with His-tagged c-Abl, and a coim-
munoprecipitation experiment was performed (Fig. 1A). His-
tagged c-Abl was detected in the anti-Flag immunoprecipitation
from cells cotransfected with Flag-MAVS, but not with a control
Flag-tagged GP73 protein. To conﬁrm the binding of MAVS to c-
Abl, 293T cells were cotransfected with plasmids expressing
Flag-c-Abl and Myc-MAVS, immunoblot analysis of anti-Flag
immunoprecipitates with anti-Myc antibody showed a signiﬁcant
association between Flag-c-Abl and Myc-MAVS (Fig. 1B). This
observation substantiates the yeast two-hybrid analysis and estab-
lishes an interaction between MAVS and c-Abl. The speciﬁcity of
the interaction between MAVS and c-Abl was also conﬁrmed by
coimmunoprecipitation analysis using normal serum (IgG). Impor-
tantly, endogenous MAVS was found to be speciﬁcally coimmuno-
precipitated with endogenous c-Abl (Fig. 1C).
To rule out an indirect association mediated by other compo-
nents in the cell lysates, anti-Flag immunoprecipitates prepared
from cells expressing Flag-c-Abl were subjected to SDS–PAGE
and then blotted onto a nitrocellulose membrane. After incubation
with soluble GST–MAVS fusion protein, the nitrocellulose mem-
brane was treated with an HRP-anti-GST antibody. The results
showed that c-Abl binds to MAVS directly (Fig. 1D, top). As a con-
trol, Flag-c-Abl does not bind to GST (Fig. 1D, middle). Therefore,
we conclude that MAVS binds to c-Abl.
3.2. Mapping of the c-Abl binding domains of MAVS
To determine which region(s) of MAVS protein was responsible
for mediating the interaction with c-Abl, three mutants containing
truncated forms of MAVS lacking either the CARD-like domain
(residues 10–77), the proline-rich region (residues 103–152) or
the transmembrane domain (residues 514–535) were constructed
and overexpressed together with c-Abl. Fig. 2 shows that Myc-
tagged c-Abl interacted with full-length and Pro-deleted mutant
MAVS but not the TM-deleted mutant or Card-deleted Mutant
MAVS. Thus, the interaction with c-Abl is speciﬁc for the Card
and TM domains of MAVS.
3.3. C-Abl modulates MAVS-mediated induction of IFN-b
To test whether this interaction has functional relevance, the ef-
fects of c-Abl on MAVS-mediated type-I IFN activation were ex-
plored directly. First, a MCF7 c-Abl knockdown (MCF7/c-Ablkd)
clone was generated by stably transfecting a U6 promoter driver
plasmid containing c-Abl speciﬁc siRNA in the presence of G418.
Immunoblotting using anti-c-Abl antibody showed reduced c-Abl
expression in MCF7 c-Abl siRNA transfection cells (Fig. 3A). A silent
nucleotide substitution in the RNAi region of c-Abl cDNA (pc-Abl-
rescue) that was designed to be immune to the interference by sic-
Abl was constructed. Stable clone of pc-Ablrescue into the MCF7/c-
Ablkd cells expressed Flag-tagged c-Abl with slower mobility in
SDS–PAGE (Fig. 3A). Immunoblotting using anti-MAVS antibody
showed that these three cell clones do not differ in the total
amount of endogenous MAVS.
MCF7, MCF7/c-Ablkd and MCF7/c-Ablkd/WT c-Abl cells were
transfected with increasing amounts of expression vectors for
MAVS together with an IFN-b Luciferase reporter as well as
pCMV-LacZ as an internal control. Thirty-six hours after transfec-
tion, the Luciferase activity was measured and normalized based
on b-galactosidase activity. As is shown in Fig. 3B, overexpression
of MAVS in MCF7 cells potently activated the IFN-b promoter,
the extent of activation increased with increasing amounts of ex-
pressed MAVS, suggesting that MAVS activated the induction of
IFN-b in a dose-dependent manner. MCF7/c-Ablkd cells showed
signiﬁcantly attenuated MAVS-induced IFN-b activation compared
with MCF7 or MCF7/c-Ablkd/WT c-Abl cells (Fig. 3B).
Fig. 1. MAVS associates with c-Abl in vivo and in vitro. (A) 293T cells were cotransfected with His-c-Abl expression plasmids, Flag-MAVS or Flag-GP73, and anti-Flag or IgG
immunoprecipitates were analyzed by immunoblotting with anti-His or anti-Flag antibody. (B) 293T cells were cotransfected with Flag-c-Abl and Myc-MAVS expression
plasmids or Flag-vector, and anti-Flag or IgG immunoprecipitates were analyzed by immunoblotting with anti-Myc or anti-Flag antibody. (C) Lysates from 293T cells were
subjected to immunoprecipitation with anti-c-Abl or IgG, fractionated by SDS–PAGE, and subsequently analyzed by immunoblotting with anti-MAVS antibody. (D) Anti-Flag
or IgG immunoprecipitates prepared from cells transfected with Flag-c-Abl or Flag-vector expressing plasmids were subjected to SDS–PAGE and blotted onto nitrocellulose
membrane. The nitrocellulose membrane was incubated with soluble GST-MAVS or GST for 2 hr and then analyzed with anti-GST or anti-Flag antibody.
Fig. 2. Mapping of the c-Abl binding domains of MAVS. 293T cells were cotrans-
fected with Myc-c-Abl and Flag-MAVS expression plasmid or Flag-MAVS mutants,
anti-Flag immunoprecipitates were analyzed by immunoblotting with anti-Myc or
anti-Flag antibody.
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DNA (dsDNA) analogue poly (dAT:dAT) and synthetic viral dou-
ble-stranded RNA (dsRNA) analogue poly (I:C) are mediated both
at the cell membrane through Toll-like receptor 3 (TLR3) and in
the cytoplasm by means of direct binding to the RLH molecules
to activate MAVS. We delivered poly(dAT:dAT) and poly(I:C) into
the cytoplasm by transfection into MCF7, MCF7/c-Ablkd and
MCF7/c-Ablkd/WT c-Abl cells, in accordance with previous results,
MCF7/c-Ablkd showed signiﬁcantly attenuated IFN-b activation in
response to cytosolic DNA and RNA compared with MCF7 or MCF7/
c-Ablkd/WT c-Abl cells (Fig. 3C).
We then assessed if endogenous c-Abl was sufﬁcient to induce
the same regulation upon virus infection. IFN-b protein levels using
ELISA were monitored in MCF7 cells infected with VSV which acti-
vated RIG-I and MAVS for type-1 interferon production. Fig. 3D
shows that c-Abl chemical inhibitor STI571 signiﬁcantly attenuates
the ability of VSV to produce IFN-b, ST1571 also severely impaired
MAVS-mediated IFN-b production. Taken together, these results
showed that c-Abl is required for MAVS-mediated IFN-b activation.
3.4. c-Abl regulates MAVS-mediated induction of NF-jB and IRF3
Both pathways that activate NF-jB and IRF3 lead to IFN-b
transcription. We thus attempt to analyze the function of c-Abl
Fig. 3. c-Abl modulates MAVS-mediated induction of IFN-b. (A) Whole cells lysates from MCF7, MCF7/c-Abl kd and MCF7/c-Abl kd/WT c-Abl cells were analyzed by
immunoblotting with anti-c-Abl and anti-MAVS antibody, Tubulin was used as equal loading control. (B) MCF7, MCF7/c-Ablkd and MCF7/c-Ablkd/WT c-Abl cells were
transfected with increasing amount of MAVS expression vector together with IFN-b-LUC. The LUC activity was measured 36 h later and normalized for transfection efﬁciency.
The error bar represents S.D. from the mean value of duplicated experiments. Whole cells lysates fromMCF7, MCF7/c-Abl kd and MCF7/c-Abl kd/WT c-Abl cells were analyzed
by immunoblotting with anti-MAVS antibody, Tubulin was used as equal loading control. (C) MCF7, MCF7/c-Ablkd and MCF7/c-Ablkd/WT c-Abl cells were transfected with
poly(I:C) or poly(dAT:dAT) together with IFN-b-LUC. The LUC activity was measured 36 h later and normalized for transfection efﬁciency. The error bar represents S.D. from
the mean value of duplicated experiments. (D) IFN-b-LUC was transfected together with Flag-MAVS into MCF7 cells or was transfected into VSV-infected MCF7 cells with or
without STI treatment, supernatant IFN-b protein level was measured 36 h later.
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Ablkd cells were transfected with increasing amounts of expres-
sion vectors for MAVS together with an NF-jB or IRF3 Luciferase
reporter as well as pCMV-LacZ as an internal control. Thirty-six
hours after transfection, the Luciferase activity was measured
and normalized based on b-galactosidase activity. As is shown
in Fig. 4A and B, overexpression of MAVS in MCF7 cells potently
activates the NF-jB or IRF3 promoter, while overexpression of
MAVS in MCF7/c-Ablkd cells showed a signiﬁcant lower NF-jB
or IRF3 activation. Collectively, these results suggest that c-Abl
contributes to RIG-I-mediated signaling through its association
with MAVS.3.5. C-Abl phosphorylates MAVS
The association between MAVS and c-Abl suggests that MAVS
could be a new substrate for this tyrosine kinase. This notion is
supported by several lines of evidence. First, Flag-MAVS was coex-
pressed with Myc-c-Abl, and the whole cell lysates were immuno-
precipitated with anti-Flag antibody. Immunoblotting of the Flag
immunoprecipitates with a phosphotyrosine-speciﬁc antibody
(anti-P-Tyr) indicated that MAVS was phosphorylated by c-Abl
(Fig. 5). Second, Flag-MAVS was coexpressed with Myc-tagged ki-
nase inactive c-Abl (K290R) and analyzed for phosphorylation.
Immunoblotting analysis demonstrated that Flag-MAVS was phos-
Fig. 3 (continued)
Fig. 4. c-Abl regulates MAVS-mediated induction of NF-jB and IRF3. (A and B)
MCF7 and MCF7/c-Ablkd cells were transfected with increasing amount of MAVS
expression vector together with NFjB-LUC or IRF3-LUC. The LUC activity was
measured 36 h later and normalized for transfection efﬁciency. The error bar
represents S.D. from the mean value of duplicated experiments. Whole cells lysates
from MCF7 and MCF7/c-Abl kd cells were analyzed by immunoblotting with anti-
MAVS antibody, tubulin was used as equal loading control.
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cert with these ﬁndings, treatment with STI571 inhibited MAVS
phosphorylation mediated by overexpressed Flag-c-Abl in 293T
cells (Fig. 5).
4. Discussion
Detection of pathogenic nucleic acids by the innate immune
system is brought about by several components, including trans-
membrane TLRs, NLRs, the cytoplasmic RNA helicase RIG-I and
the DNA-binding sensor DAI [25]. In this study, we showed that
impairment of c-Abl function by either pharmacological inhibition
or c-Abl interference RNA strategies effectively suppressed MAVS-
stimulated, RIG-I-dependent transcriptional activation of IRF3, NF-
jB and IFN-b. This suggests that c-Abl participation in antiviral im-
mune mechanisms is of biological signiﬁcance. We also found that
c-Abl could physically associate withWTMAVS in vivo and in vitro,
whereas it failed to interact with different MAVS mutants that
lacked the card domain or transmembrane domain. These results
demonstrated functional speciﬁcity of different MAVS domains in
antiviral signaling mediated by MAVS and c-Abl.
Concerning the cellular distribution of c-Abl in the signaling
pathway, c-Abl is a ubiquitously expressed non-receptor tyrosine
kinase that distributes in both the cytoplasm and the nucleus. Pre-
vious studies suggest that nuclear c-Abl inhibits IjB-a degradation
by inducing its phosphorylation, which eventually led to NF-jB
inactivation. On the contrary, cytoplasmically localized Bcr-Abl
can in fact potently activate NF-jB, which has been demonstrated
to be essential for Bcr-Abl to induce transformation. Given the factthe MAVS resides in the mitochondria compartment, we suggest
that cytosolic c-Abl may play a broader role in innate defense
mechanisms.
Numerous studies have indicated that an important step down-
stream of PRRs is the assembly of multicomponent signaling com-
plexes that activate critical kinases. These signaling complexes
serve as structural platforms to assemble downstream signaling
molecules. The complexes have been shown to contain TRIF or
MAVS (depending pathogenic agent), TANK (TRAF family mem-
ber-associated NF-KB activator), TBK1 and c-Src [26–28]. In this
study, we present novel results showing that c-Abl binds to MAVS
through the MAVS card and transmembrane domain, the underly-
ing mechanisms responsible for c-Abl binding to MAVS are not
known. Our unpublished data showed extensive MAVS phosphor-
ylation upon virus infection, Fig. 5 shows that MAVS could be phos-
phorylated by WT c-Abl. In conclusion, our results provide further
insight into the role of c-Abl in sensing of intracellular RNA and
DNA virus. As such, our results may have implications for antiviral
strategies.
Fig. 5. c-Abl phosphorylates MAVS. 293T cells were transfected with indicated
vectors and treated with or without 10 lM STI571 for 12 h. Anti-Flag immunopre-
cipitates were analyzed by immunoblotting with anti-P-Tyr or anti-Flag antibody.
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